Little is known about the factors that drive the high levels of between-host variation in pathogen burden that are frequently observed in viral infections. Here, two factors thought to impact viral load variability, host genetic diversity and stochastic processes linked with viral entry into the host, were examined. This work was conducted with the aquatic vertebrate virus, Infectious hematopoietic necrosis virus (IHNV), in its natural host, rainbow trout. It was found that in controlled in vivo infections of IHNV, a suggestive trend of reduced between-fish viral load variation was observed in a clonal population of isogenic trout compared to a genetically diverse population of out-bred trout. However, this trend was not statistically significant for any of the four viral genotypes examined, and high levels of fish-to-fish variation persisted even in the isogenic trout population. A decrease in fish-to-fish viral load variation was also observed in virus injection challenges that bypassed the host entry step, compared to fish exposed to the virus through the natural water-borne immersion route of infection. This trend was significant for three of the four virus genotypes examined and suggests host entry may play a role in viral load variability. However, high levels of viral load variation also remained in the injection challenges. Together, these results indicate that although host genetic diversity and viral entry may play some role in between-fish viral load variation, they are not major factors. Other biological and non-biological parameters that may influence viral load variation are discussed.
Introduction
Virus infections are known for high levels of viral load variability between individual infected hosts (Brault et al., 2010; Clausen et al., 2011; Desport et al., 2009; DeVincenzo, 2004; Fraser et al., 2007; Gillet et al., 2011; Gorman et al., 2006; Hirsch et al., 1995; Howey et al., 2009; Hurt et al., 2010; Mulcahy et al., 1982; Munster et al., 2009; Peñaranda et al., 2011; Piatak et al., 1993; Ten Haaft et al., 1998; Wargo and Kurath, 2011) . There is a broad array of factors likely to impact the between-host viral load variation commonly observed in the field. These factors might include ecological parameters such as infection dosage, host health, host age, host size, type of exposure, and environmental conditions (Bartholomew et al., 2003; Bonhoeffer et al., 2003; Bootland and Leong, 1999; Clausen et al., 2011; Desport et al., 2009; DeVincenzo, 2004; Garver et al., 2006; Grant et al., 2003; Hallett and Bartholomew, 2008; Howey et al., 2009; Huang et al., 2010; Inendino et al., 2005; Jorgensen et al., 2008; LaPatra, 1998; Purcell et al., 2010; Wu et al., 2008) , as well as factors such as virus and host genetics (Bashirova et al., 2011; Brault et al., 2010; Fellay et al., 2007; Hurt et al., 2010; Kaslow et al., 2005; Pelak et al., 2010) . However, even in laboratory challenges where ecological factors, virus genetics, and host genetic diversity are controlled, experiments demonstrate substantial between-host variability in observed virus burdens (Desport et al., 2009; Gorman et al., 2006; Hirsch et al., 1995; Howey et al., 2009; Hurt et al., 2010; Munster et al., 2009; Peñaranda et al., 2011; Ten Haaft et al., 1998; Wargo et al., 2010; Wargo and Kurath, 2011) . Typically, little attention is given to the causes or impacts of viral load variation between individual hosts, and conclusions about biological phenomena are frequently based on mean trends in the data. This is surprising considering that pathogen load variation and the specific factors that regulate this variation could have important implications for disease epidemiology, evolution, and management (Alizon et al., 2009; Capparelli et al., 2009; Fraser et al., 2007; Galvani and May, 2005; Lloyd-Smith et al., 2005; Matthews et al., 2006; Mellors et al., 1996; Woolhouse et al., 1997) .
Host genetic diversity and stochasticity in the viral entry process are often hypothesized as two of the main factors driving variation 0168-1702/$ -see front matter © 2012 Elsevier B.V. All rights reserved. doi: 10.1016/j.virusres.2012.01.010 in viral burdens between hosts (Brault et al., 2010; Capparelli et al., 2009; Fellay et al., 2007; Howey et al., 2009; Kaslow et al., 2005; Matthews et al., 2006; Overturf et al., 2010; Pelak et al., 2010) . However, many systems are limited in their ability to explicitly quantify the role of these factors in regulating viral load variation. For example, assessing the impacts of host genetic diversity on viral load variation requires the capability to compare genetically diverse and homogeneous host populations in vivo, while controlling for all other variables. In most systems this comparison is hindered by a lack of genetically homogeneous host populations, and where these hosts are available, they can typically only be obtained in small numbers, thus limiting the statistical power (Gorman et al., 2006) . Many systems are equally challenged to assess the role of stochasticity in viral entry on viral-load variation, because they typically cannot control the infectious dosage of a pathogen through the natural route of infection, and subsequently alter this route of infection to bypass host entry. Here we utilized the host-pathogen system Infectious hematopoietic necrosis virus (IHNV) in its natural vertebrate host, rainbow trout (Oncorhynchus mykiss). In this system both host genetic diversity and the entry process can be individually controlled and altered during highly replicated in vivo experiments, thus allowing for a detailed examination of their influence on viral load variation.
IHNV is a negative-sense single-stranded RNA virus in the family Rhabdoviridae (Bootland and Leong, 1999) . The virus is endemic in salmonid fishes along the Pacific Coast of North America ranging from California to Alaska . Field studies indicate that IHNV viral loads can span from 10 2 to 10 7 pfu/g in single fish sampled from one infected population at the same time, with some individuals even falling outside the range of detection (Mulcahy et al., 1982) . The variation in the viral burden of IHNV-infected fish in the field is often attributed to unsynchronized infections or variation in the environmental and genetic background of individual fish (Bootland and Leong, 1999; Garver et al., 2006; LaPatra, 1998; Purcell et al., 2010) . However, laboratory studies of IHNV that examined fish of the same age, size, and stock, infected with the same dosage of an identical virus genotype and then held under controlled environmental conditions, consistently reveal that the quantity of virus observed at the time of peak viral load can extend over 5 orders of magnitude between individuals (Peñaranda et al., 2009 (Peñaranda et al., , 2011 Purcell et al., 2010; Wargo et al., 2010; Wargo and Kurath, 2011) . In previous studies we demonstrated that when examining the mean viral load in these controlled IHNV experiments, factors such as host species, viral genotype virulence, and host entry can impact in vivo viral load and ultimately viral fitness (Peñaranda et al., 2009; Wargo et al., 2010; Wargo and Kurath, 2011) . However, parameters that impact individual fish viral load variation when these factors are held constant have not been examined. Here, we reanalyzed some of our previously published IHNV viral load data from controlled in vivo experiments , as well conducted new experiments to supplement this dataset to examine how between-host viral load variation is impacted by stochastic factors associated with the process of viral entry and host genetic variability.
To examine the impact of viral entry, the viral load variation in a group of fish infected by the natural route of immersion in water containing virus was compared to the viral load variation in a group of fish infected by injecting the virus directly into the host so as to bypass the host entry step. Thus, the between-host viral load variation in immersion challenges was assumed to be influenced by stochastic processes associated with both viral entry and replication, whereas viral load variation in the injection challenges was assumed to be influenced only by processes associated with replication. The analyses comparing immersion vs. injection challenges included data for two viral genotypes, HV and LV, from our previous publication , as well as new data generated by conducting similar experiments with two IHNV genotypes designated B and C. The examination of all four genotypes made it possible to determine how consistent the observed patterns were across a range of virus genetic backgrounds. These experiments were conducted in a standard genetically diverse trout stock (here-in labeled out-bred) and therefore estimated the effect of host-entry on viral load variation in a typical field population of trout.
As an independent strategy, controlled IHNV in vivo experiments were also conducted to directly examine the impact of host genetic diversity on between-host viral load variation. As with other viral diseases, host genetics is hypothesized to be one of the main driving factors behind between-host IHNV load variation (Bashirova et al., 2011; Brault et al., 2010; Fellay et al., 2007; Kaslow et al., 2005; Overturf et al., 2010; Pelak et al., 2010) and studies suggest that there may be fish genetic markers for IHNV resistance (Barroso et al., 2008; Rodriguez et al., 2004) . To determine the role of host genetics in between-fish IHNV load variation, the viral load data from the immersion challenges of the four virus genotypes conducted in out-bred trout was compared to data generated from new immersion challenges in a stock of isogenic trout (here-in labeled isogenic) produced by androgenesis, in which all trout had identical genomes (Young et al., 1996) . Thus, the immersion challenges in out-bred trout provided an estimate of between-host variation in viral load when natural host genetic diversity was present, whereas the challenges in isogenic trout provided an estimate of viral load variation when host genetic diversity was absent.
In all experiments, the viral load of individual whole fish was quantified. In the immersion challenges, the amount of virus shed into surrounding water was also quantified. The study therefore examined variability in within-host viral fitness as well as transmission potential. In all cases, virus quantification occurred on day 3 post-infection when viral load typically peaks in the host (Peñaranda et al., 2009; Troyer et al., 2008) . The differences in viral load variation between treatment groups were assessed by comparing coefficients of variation and conducting bootstrap tests Zwanzig, 2010, 2011) .
When examining the impact of viral entry on between-fish variation in viral load, the results showed a consistent pattern of less variability in injection compared to immersion challenges, with moderate statistical support for three of the four viral genotypes. When examining the impact of host genetic diversity on viral load variation, there was a consistent suggestive trend of less variability in isogenic compared to out-bred trout. However, this trend was not significant for any of the four genotypes, except for one genotype where the trend was significant for the shed virus population only. Despite the observed reductions in viral load variation, high levels of trout-to-trout viral load variation persisted in all treatments, including the injection challenges and isogenic trout infections. These results suggested that although viral entry and host genetic diversity may play a role in between-trout variation, they cannot account for the majority of host-to-host variation in viral load and their role in regulating this variation may be smaller than previously assumed. If these findings apply to other viral systems, this could have important implications for the factors predicted to regulate the high levels of between-host pathogen transmission variation typically observed in the field (Capparelli et al., 2009; LloydSmith et al., 2005; Matthews et al., 2006; Woolhouse et al., 1997) .
Materials and methods

Virus
We used four genetically distinct IHNV isolates (here-in referred to as genotypes), labeled HV, LV, B, and C. These genotypes were originally isolated from farmed rainbow trout and have previously been referred to as 220:90 (HV), WRAC or 039-82 (LV), FF020-91(B), and FF030-91(C) (LaPatra et al., 1994; Troyer et al., 2000 Troyer et al., , 2008 . The virulence of these four genotypes, measured as virus-induced trout mortality in batch immersion challenges, has been characterized as high (HV, B and C), and low (LV) (Troyer et al., 2008; Wargo et al., 2010) . The viruses were propagated on epithelioma papulosum cyprinid (EPC) cells and stored at −80 • C as described elsewhere (Wargo et al., 2010) . The genotypes used in these experiments underwent 4-9 passages in EPC cells after collection from the field (Fijan et al., 1983; LaPatra et al., 1994) . All of the genotypes belong to the M phylogenetic clade of IHNV, which has evolved host specificity to rainbow trout .
Host
Two different stocks of rainbow trout (Oncorhynchus mykiss) were used for these experiments. One stock of trout (here-in referred to as out-bred) was a genetically diverse, out-bred, stock obtained from Clear Springs Food Incorporated courtesy of Scott LaPatra, Ph.D. These out-bred trout were a standard trout farm stock and represented the fish genetic diversity found in a cultured trout farm. Although the genetic diversity of the specific lot of out-bred trout used in this study was not calculated, previous studies of other trout stocks from the same source showed an average heterozygosity score of 69.3% based on microsatellites (Silverstein et al., 2004) . The out-bred trout were also obtained from the same region where the IHNV genotypes HV, LV, B, and C were originally isolated. The second stock of trout (here-in referred to as isogenic) was Arlee homozygous rainbow trout from the Washington State University Hatchery produced by androgenesis as previously described (Young et al., 1996) . The isogenic trout were genetically identical to each other. All trout were pathogen free, research grade juveniles between 1 and 3 g in size. The experiments described used 3 lots of out-bred trout and one lot of isogenic trout. The trout were maintained in pathogen-free water at 15 • C, as previously described (Troyer et al., 2008) . All animal work was approved by a University of Washington IACUC protocol.
Virus challenges
Trout were exposed to virus by one of two methods, injection or immersion challenges. For immersion challenges trout were placed in static water containing 10 4 pfu/ml of a single virus genotype for 12 h as previously described (Wargo et al., 2010) . For injection challenges 100 pfu of virus was injected directly into the intraperitoneal cavity as previously described . After viral exposure, all trout were held in flowing water to remove virus and isolated into individual tanks with 400 ml of water to prevent subsequent cross-infection. The trout were then maintained at 15 • C for 3 days under static water conditions as described elsewhere (Wargo et al., 2010; Wargo and Kurath, 2011) . Out-bred trout were infected by both injection and immersion challenges. Isogenic trout were only exposed by immersion challenges. For each of the three treatment regimes, 12-28 trout were exposed to single infections of the four viral genotypes (HV, LV, B, or C), and each experiment was replicated 2-3 times (Table 1) . This experimental design allowed us to examine the role of host genetic diversity (out-bred vs. isogenic trout) and host entry (injection vs. immersion challenges) in regulating between-trout viral load variation, independently for four viral genotypes. The data for genotypes HV and LV in outbred fish (experiments 1-3, Table 1 ) has been previously published using a different analysis focusing on patterns in mean viral load rather than viral load variation between individual fish . All other data was collected from new experiments (experiments 4-7, Table 1 ) and has not previously been published.
Unusually high levels of mortality were observed in experiment 4, likely due to low stress tolerance of isogenic trout (Table 1) . In all subsequent experiments (5-7), trout were housed in larger tanks (1 l compared to 0.8 l) to reduce stress.
Viral load quantification
To quantify within-host viral load, all of the trout were harvested 3 days post-infection, which has previously been shown to be the peak of viral replication and is typically before the onset of trout mortality (Peñaranda et al., 2009; Troyer et al., 2008; Wargo et al., 2010; Wargo and Kurath, 2011) . At the time of harvest, the trout were euthanized with an overdose of tricaine methanesulfonate and stored at −80 • C until further processing. We then extracted the total RNA from individual trout using guanidinium-thiocyanate as previously described (Wargo et al., 2010) . A 550 ml water sample was also taken at the time of trout harvest for shed viral load quantification from all fish in the immersion challenges. Total RNA was extracted from the water samples using the QIAamp MinElute virus spin kit (Qiagen) as previously described .
All extracted RNA was converted to cDNA using Moloney murine leukemia virus (MMLV) reverse transcriptase, oligo(DT), and random hexamers in a 20 l reaction as described elsewhere (Wargo et al., 2010) . To complete virus quantification, the cDNA was diluted 10 fold (fish samples) or 5 fold (water samples) with H 2 O, then subjected to quantitative PCR (qPCR) using the following genotype specific assays: qHV (see reference Wargo and Kurath, 2011) , qLV (see reference Wargo and Kurath, 2011) , qB (Forward primer: 5 -GCATCAGGCCTGTATGATTGAA-3 , MGB TaqMan probe: 5 -VIC-CGTATACAATTCTGGATCAAA, Reverse primer: 5 -CACCACACTTCGGGAACGA-3 ), and qC (Forward primer: 5 -TGCATCAGGCCTGTATGATGAC-3 , MGB TaqMan probe: 5 -6-FAM-TCGGATACAATTCTGGAGCAG-3 , Reverse primer: 5 -CCTCACACTTCGGGAACGA-3 ), targeted to the viral glycoprotein gene of the appropriate IHNV genotype. The qPCR reaction included 5 l of the diluted cDNA along with 200 nM probe, and 900 nM of each primer in a 12 l reaction as previously outlined (Wargo et al., 2010; Wargo and Kurath, 2011) . Genotype specific glycoprotein gene transcripts (rHV-G, rLV-G, rB-G, or rC-G) were utilized in each qPCR run to generate 8-step, 10-fold dilution series standard curves, making it possible to acquire absolute viral RNA copy quantification (Wargo et al., 2010; Wargo and Kurath, 2011) . Here we refer to viral RNA copies as viral load.
Statistics
To compare mean viral load differences between groups we employed general linear model (GLM) analyses with the dependent variable in the models set to viral load and the factors in the models set to treatment (out-bred immersion, isogenic immersion, or out-bred injection), and genotype (HV, LV, B, or C). In cases where multiple comparisons were made, Tukey's tests were employed to determine where significant differences between groups was supported (P < 0.05). Since water samples were not taken from injection challenges, this treatment was not included when analyzing mean shed viral load. Viral load was log transformed in the GLM analyses to meet the model assumptions of normality and variance homogeneity.
The viral load analysis revealed significant mean viral load differences between the treatment groups. Since the standard deviation is a function of the mean, it was not appropriate to compare the variability of groups with a different mean using the standard deviation. The variability between groups was therefore compared using the coefficient of variation (CV), defined here as the standard deviation/mean, making it a unitless parameter. Because the data was not normally distributed, the coefficient of variation of treatment groups was compared using a distribution-free bootstrap method proposed by Zwanzig (2010, 2011) . Briefly, the P-value was calculated with the formula: is generated, herein, B was set to 10,000. This analysis resulted in 24 pairwise tests requiring the use of a Bonferroni correction in which comparisons were considered significant where the P-value <(0.05/24 = 0.0021).
For all analyses, the data within treatment groups from the different experiments was pooled to obtain sufficient statistical power and minimize the type I error rate due to multiple comparisons. To verify the validity of pooling the data, the analysis was also run without pooling the data and the same patterns were observed. Only the results from the analyses on pooled data are presented. All dead trout (37/616 trout) were excluded from the analyses presented since the exact time of death could not be determined and viral replication kinetics as well as stability are believed to be different in dead compared to live trout . However, the analyses were also run including the dead trout and the same results were obtained (data not shown). Since this research was inherently concerned with quantifying differences in between-trout variation in viral load, and variability can only be examined when viral load values are available, we excluded all samples from the analyses presented in which virus could not be detected (26/944 processed samples). We also reran the analyses, setting negative samples to the minimum detection threshold of the qPCR assays (1000 viral copies), and this did not change the results. The final analyses included data from 7 separate experiments involving 897 samples from 566 fish (Table 1) .
Results
Individual trout viral load
The viral load of individual trout across all experiments ranged from 1.3 × 10 4 to 2.1 × 10 11 viral RNA copies/g trout in within-host samples and 5.0 × 10 2 to 1.5 × 10 8 viral RNA copies/ml H 2 O in shed virus samples (Table 2 ; Fig. 1; Figs. S1-S3 ). For within-host samples, the range of viral load differed between the three challenge types such that out-bred immersion trout showed the largest range of viral load values, isogenic immersion samples showed the lowest range, and out-bred injection trout showed an intermediate range (Table 2) . A similar ranking was found for shed virus, such that the water samples from the out-bred immersion challenges showed a greater viral load range than samples from isogenic immersion challenges (Table 2) . Water samples were not taken from injection trout so the range in viral load of shed virus in injection challenges was not calculated. There was no clear pattern when comparing the viral load range of genotypes HV, LV, B, or C across the different challenge types. For example, genotype HV had the highest range of within-host viral load values in out-bred immersion challenges but the lowest in isogenic immersion challenges (Table 2) . Thus, the ordering of the four genotypes was inconsistent in the different challenge types.
Mean viral load
The four viral genotypes (HV, LV, B, and C) were independently analyzed to examine if there were differences in the mean amount of virus produced in out-bred immersion, isogenic immersion, and out-bred injection treatments. When examining within-host viral load, more virus was produced in out-bred injection challenges compared to out-bred immersion and isogenic immersion challenges for all genotypes, with the trend being significant for genotype HV and LV ( Fig. 2 ; HV: F 1,141 = 23.6, P < 0.001; LV: F 1,163 = 19.0, P < 0.001; B: F 1,118 = 1.6, P = 0.21; C: F 1,128 = 1.6, P = 0.22). However, there was no significant difference in within-host viral load between out-bred immersion and isogenic immersion treatments for any of the four genotypes. In regards to the quantity of virus shed into water samples, significantly more virus was detected in out-bred immersion treatments compared to isogenic immersion treatments, for all four genotypes ( Fig. 2 ; HV: F 1,97 = 53.1, P < 0.001; LV: F 1,88 = 8.4, P = 0.005; B: F 1,71 = 29.9, P < 0.001; C: F 1,72 = 1.6, P = 0.003).
Coefficient of variation
The coefficient of variation in viral load from out-bred immersion, isogenic immersion, and out-bred injection treatments, was compared independently for each of the four genotypes (HV, LV, B, and C). This analysis provided an estimate of the impact of host genetic diversity (out-bred immersion vs. isogenic immersion), virus entry (out-bred immersion vs. out-bred injection), and the relative importance of host genetic diversity and entry (isogenic immersion vs. out-bred injection), on the between-host variation in viral load. When examining within-host viral load, a trend of Table 2 The range of quantified within-host and shed viral load in each of the treatments. Virus negative samples are excluded from this range and the range is across all of the experiments within that treatment.
Genotype
Challenge Within-host (virus copies/g fish) Shed (virus copies/ml H2O) Fig. 1 . Viral load of individual trout exposed to IHNV genotype C. Panels A, B, and C show the within-host log transformed viral loads [log(virus RNA copies/g trout)] of individual trout from out-bred immersion, isogenic immersion, and out-bred injection trout, respectively. Panels D and E show the log transformed shed viral loads [log(virus RNA copies/ml of H2O)] from the out-bred immersion and isogenic immersion trout respectively. Water samples were not taken from out-bred injection trout so shed virus load was not calculated for these trout. Note that panels A-C have a different Y-axis scale than panels D-E. Trout are arranged from highest to lowest within-host viral load. Since the shed samples come from the same trout as the within-host trout, they are arranged in the order of the within-host trout. Trout with a symbol (*) above the bar died during the experiment and were excluded from all further figures and analyses. Dead isogenic immersion challenged fish were not processed so no virus quantity values are shown for these fish. Trout with no detectable virus (missing bar) were also excluded from all further figures and analyses. Minimum Y-axis value represents the minimum detection limit of the genotype specific qPCR assays. less variability was observed in out-bred injection challenges compared to out-bred immersion challenges for all four genotypes, with this trend being significant for genotypes B and C at the˛= 0.05 cut-off and genotype HV at the Bonferroni corrected˛= 0.0021 cut-off (Table 3 , Fig. 3 ). It was also found that there was a suggestive trend of less within-host viral load variability in isogenic immersion challenges compared to out-bred immersion challenges, however this trend was not statistically significant for any of the four Table 3 Statistical results from coefficient of variation (CV) bootstrap test Zwanzig, 2010, 2011) . The analysis tests whether the null hypothesis CV1 = CV2 can be rejected. See Fig. 3 for graphical interpretation. Values shown are P-values. A single * denotes significance at the˛= 0.05 cut-off, double ** denotes significance at the multiple test Bonferroni corrected˛= 0.0021 cut-off (0.05/24 tests). All dead trout and samples negative for virus were excluded from the analyses, but the same quantitative results were obtained when these trout were included (data not shown). The results presented are from the analyses on data pooled across experiments within treatments. The same patterns were observed when the analyses were run on unpooled data (data not shown (Table 1) within the out-bred immersion, isogenic immersion, and out-bred injection challenges, are shown. All panels have the same Y and X axes. Bars exclude dead trout as well as samples where no virus was detected (see Section 2). No water samples were taken from out-bred injection trout so the mean virus shed from this treatment could not be calculated. Significant differences by GLM analysis are indicated with brackets and symbol (*P ≤ 0.005; **P < 0.001).
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genotypes (Table 3 , Fig. 3) . A less consistent pattern was observed when comparing the within-host viral load variability of isogenic immersion to out-bred injection challenges, in that more variability was found in out-bred injection challenges for genotypes HV and LV and less variability for genotypes B and C. Of these observed patterns, genotype B was the only genotype showing a significant difference between the isogenic immersion and out-bred injection challenges (Table 3 , Fig. 3 ).
The pattern of variability in the amount of virus shed into water samples was largely consistent with that observed for the withinhost viral load data. Genotypes HV, B, and C all showed a trend of less viral load variability in virus shed from isogenic immersion challenges compared to out-bred immersion challenges, although this trend was not significant for any of the three genotypes. Genotype LV however was not consistent with this pattern in that significantly more variability was found in the viral load of shed No water samples were taken from out-bred injection trout so the coefficient of variation for this treatment was not calculated. Significant differences by bootstrap method are indicated with brackets and symbol (*P < 0.05; **P < 0.0021, cut-off Bonferroni correction).
samples from isogenic immersion compared to out-bred immersion challenges. When directly comparing the variability in the quantity of shed virus to within-host viral load within each treatment, a pattern of less variation in the quantity of shed virus was observed, with the pattern being significant for genotype B in outbred immersion and isogenic immersion challenges, and genotype C in isogenic immersion challenges, at the˛= 0.05 cut-off (Table 3, Fig. 3 ). The only genotype not consistent with this pattern was genotype LV in isogenic immersion challenges where more viral load variability was observed in shed compared to within-host samples, however, this trend was not statistically significant. Since no samples were taken from out-bred injection challenges, no comparisons to these challenges could be made for shed virus.
Discussion
It is typically assumed that host genetic diversity is one of the primary driving forces behind between-host variation in pathogen burdens, despite limited empirical support (Fellay et al., 2007; Kaslow et al., 2005; Pelak et al., 2010) . Here it was observed that although there was a suggestive trend of reduced viral load variation in a genetically clonal stock of isogenic trout compared to a genetically diverse out-bred stock, this trend was not statistically significant for any of four viral genotypes examined. In fact, on average 65% of the between-host viral load variation persisted even in the genetically homogeneous isogenic trout. These results led us to conclude that for the virus IHNV, although host genetic diversity may play a role in between-host viral load variation, it is a minor component of the factors that regulate this variability. This finding is in agreement with previous studies of IHNV, which demonstrated high levels of between-fish variation in the innate interferon immune response in controlled IHNV infections in isogenic trout (Purcell et al., 2009b) . These combined results therefore contradict current dogma about the driving force of between-host variability in pathogen burden (Brault et al., 2010; Fellay et al., 2007; Kaslow et al., 2005; Overturf et al., 2010; Pelak et al., 2010) .
In an effort to examine another potential source of between-host viral load variation, groups of trout were infected by direct injection of the virus so as to bypass the host entry process. We hypothesized that although all trout are exposed to the same challenge dosage in immersion challenges, there may be heterogeneity in the amount of virus that enters each trout and initiates the infection, or the timing when entry occurs, due to stochastic processes associated with crossing the fish skin and mucosal barrier. This stochasticity in entry could ultimately result in variability in peak viral load (Peñaranda et al., 2009; Wargo and Kurath, 2011) . The results from the current study indicated that indeed injecting virus directly into the host reduced between-host viral load variation for all four viral genotypes examined, with a significant reduction in 3 of the genotypes. Furthermore, given that viral load was higher in injection challenges compared to the other challenge types, our results suggest that injection challenges did indeed bypass some aspects of the viral replication barrier associated with host entry. Therefore, we concluded that stochastic factors associated with the process of virus entry into the host do contribute to variation in subsequent viral loads. However, since on average 59% of between-host viral load variation remained in the injection challenges compared to immersion challenges, we also concluded that entry is not the major factor to regulate viral load variability.
The strategy for this study was to independently assess two distinct factors that are generally hypothesized to be major influences responsible for between-host viral load variation during the natural infections. To do this, we varied only a single factor in each experiment, and our results indicated clearly that neither host genetic heterogeneity, nor stochastic events during host entry were responsible for the majority of the variation observed. We did not examine the combined impact of using clonal fish with challenges by injection because interpretation of results would be confounded by having two variables relative to the natural infection system of interest. Comparisons of the viral load variability in isogenic immersion challenges and out-bred injection challenges revealed an inconsistent pattern, in that the variability was higher in injection challenges for two virus genotypes but lower for the other two virus genotypes. The inconsistency of this pattern, combined with the finding that between-fish viral load variation was significantly reduced in injection challenges but not isogenic fish, suggests that stochastic events in viral entry play an equal if not greater role in between-fish viral load variation than host genetic diversity. Regardless of which factor is more important, the conclusions drawn from the study remain, that host genetic diversity and stochastic processes associated with entry are not the primary factors regulating between-fish viral load variation.
A common limitation to in vivo studies is lack of statistical power due to small sample sizes. In the present study sample sizes, ranging from 22 to 74 trout, were considerably larger than those typically used for experimental in vivo vertebrate virus studies (Desport et al., 2009; Howey et al., 2009; Hurt et al., 2010; Munster et al., 2009; Peñaranda et al., 2011; Ten Haaft et al., 1998; Wargo and Kurath, 2011) , greatly enhancing the statistical power. However, sample size limitations could explain the finding that for genotype HV there was a significant difference in the coefficient of variation between out-bred immersion and out-bred injection trout, but not out-bred immersion and isogenic immersion trout, despite a greater reduction in variability (Fig. 3) . In this analysis both out-bred immersion and injection trout had larger group sizes (74 and 66 trout respectively) than the isogenic trout treatment group (26 trout) due to limitations in the number of clonal fish available. Although the statistical tests used were robust against comparing groups with different samples sizes, like any test, reduced sample sizes can impact their statistical power Zwanzig, 2010, 2011) . Regardless of the statistical outcome, the finding holds true that there were substantial levels of betweenhost variation in the isogenic trout treatment groups (coefficient of variation = 200-350%).
The obvious question that remains is what is the source of between-host viral load variation for IHNV in rainbow trout? One possibility is stochastic parameters inherent in the IHNV infection process other than entry into the host. For example, stochastic factors at the cellular entry level such as cell type infected, cell division cycle, or the timing of the cellular immune response may introduce variability. Additionally, stochastic processes or bottlenecks during the spread of the virus throughout host tissues and organs could contribute to variation in viral loads. The present study was not designed to test these hypotheses. However, if cellular entry or viral spread contributed to between-fish variation, this implies that there was some type of mechanism to drive the variation which does not involve host genetics. One such mechanism could be epigenetic effects.
The role of epigenetics in disease has received increasing attention (Barros and Offenbacher, 2009; Holliday, 2006; Rando and Verstrepen, 2007) . In the present study, it is possible that although the isogenic trout were genetically identical, epigenetic factors during development could have lead to differences in disease susceptibility or immune function between individuals. Similar phenomena have been hypothesized to explain phenotypic heterogeneity observed in clonal populations of zebrafish (Massicotte et al., 2011) . Little work has been done to examine how epigenetic effects might impact host resistance to infectious diseases in the context of viral replication. There is increasing evidence that epigenetic effects play an important role in the heterogeneity of clinical outcome to infection with oncogenic infectious agents, and it seems reasonable to assume similar processes could occur with non-cancer causing viruses (Fernandez and Esteller, 2010) . Epigenetic effects could be particularly relevant to viruses like IHNV, if disease outcome (death or survival) is determined early in infection by a race between the host innate immune response and viral replication (Peñaranda et al., 2009; Purcell et al., 2009a Purcell et al., , 2012 . It is conceivable that epigenetic variation between hosts impacts this race, by generating variability in timing of the innate immune responses between fish. Previous IHNV studies indicate that for inducible innate immune genes that have been examined, the host immune response appears to track viral load rather than vice versa, with a strong association between the fish immune response and IHNV load (Peñaranda et al., 2009; Purcell et al., 2009a Purcell et al., , 2010 . Furthermore, the viral load outcome in the host is determined very early in infection and therefore, if immune variation is the driver behind between-host viral load variation, the constitutive rather than inducible immune response is the most probable source of this variation (Peñaranda et al., 2009; Purcell et al., 2009a Purcell et al., , 2010 .
In addition to epigenetics factors, viral genetic diversity could have also played a role in the observed between-fish variability in viral load (Bashirova et al., 2011; Brault et al., 2010; Hurt et al., 2010) . The virus stocks used in this study were all natural quasispecies (Domingo et al., 1985) known to contain one dominant IHNV consensus genotype. Therefore it is plausible that there was stochastic variation in which genetic type from the quasispecies swarm became dominant in a given host. However, previous studies characterizing the mutant spectrum of IHNV populations showed relatively low genetic diversity within in vivo infections from the field, as well as in vitro viral stocks used to initiate infections . Additionally, given that isogenic trout still maintained high levels of viral load variation, if the quasispecies phenomenon is a driving force behind this variation, it suggests stochasticity rather than host genetics is more important for determining the dominant viral variant in a given host.
A non-biological source of variation in this study worth mentioning could be that introduced as a result of the precision of the sample processing protocols. Both the reverse transcription and qPCR methodologies are well-documented as having greater than 95% precision, and are therefore unlikely sources of betweensample variation in results (Peñaranda et al., 2011; Purcell et al., 2006; Wargo et al., 2010; Wargo and Kurath, 2011) . More probable sources of error during sample processing are the fish and water RNA extraction protocols. To estimate the precision of the sample processing protocols, the total RNA in individual extracted samples was quantified. The extraction protocols are designed such that all samples start with either the same concentration of host (withinhost virus samples) or carrier RNA (shed virus samples). Given that the majority of RNA is host or carrier rather than virus RNA, the final concentration of RNA after extraction offers a measure of consistency between samples. Within-host sample RNA concentrations were found to have a coefficient of variation of 0.81 and shed virus samples were found to have a coefficient of variation of 0.16. This level of variation was substantially less than that observed in qPCR quantified viral load (within-host: 1.75-6.5, shed: 0.9-4.9), and therefore the effect of variation in the extraction protocol is unlikely to have impacted the viral load variation to a significant degree. Furthermore, any impact of sample processing on viral load variability, should have affected all samples by the same amount, regardless of treatment.
An interesting finding was that less variability was observed in the shed virus load compared to the within-host viral load from the same fish within various treatment groups in 7 out of 8 cases, even when controlling for the difference in mean viral load. Although the higher precision of the water extraction compared to trout extraction protocol may have had some impact on this, it is unlikely that this was the only cause of the reduced variability in shed virus.
Another possible explanation is that viral shedding involves some sort of bottleneck, restricting the amount of virus exiting the host to a tighter range, thus reducing variability. Little is known about the process of IHNV shedding from fish. The virus is primarily believed to be transmitted through the gills and urine, offering potential bottleneck sites. Our finding that the mean shed viral load was consistently less in isogenic compared to out-bred fish, whereas mean within-host viral load was not different between the two fish stocks, provides further support for the possible existence of a shedding bottleneck and suggests that host genetics may play a role in regulating such a bottleneck.
Any of the possible sources of between-host viral load variation discussed above could be relevant to the high variability in between-host viral load observed in other systems (Capparelli et al., 2009; Lloyd-Smith et al., 2005; Matthews et al., 2006; Woolhouse et al., 1997) . However, this list of possible mechanisms is by no means exhaustive and the importance of these and other factors will depend heavily on the biological system investigated. Our goal here was to assess the importance of host genetic diversity, as well as stochastic processes associated with viral entry, on between-host viral load variability when challenge dosage and environmental conditions were controlled. Even when host genetic variation was eliminated and the viral entry step was bypassed, substantial levels of between-fish viral load variation were observed. Therefore, we conclude that host genetic diversity and viral entry alone cannot explain between-host viral load variation.
Our finding that between-host pathogen-load variation is observed even in cases where host genetic diversity is absent, is congruent with studies of other pathogens in highly inbreed host populations such as mice and agricultural animal species (Brault et al., 2010; Desport et al., 2009; Gorman et al., 2006; Howey et al., 2009; Hurt et al., 2010; Munster et al., 2009; Peñaranda et al., 2011; Wargo and Kurath, 2011) . Our results also shed light on correlative and quantitative genetics studies aimed at determining host genetic markers of disease resistance that often find that host genetic diversity explains less than 50% of the observed viral-load heterogeneity (Barroso et al., 2008; Fellay et al., 2007; Rodriguez et al., 2004) . If this pathogen-load variation translates to variation in overall transmission between hosts, this could explain the 'superspreader' phenomenon observed in viruses such as SARS, where a few host individuals are responsible for the majority of transmission events (Capparelli et al., 2009; Lloyd-Smith et al., 2005; Matthews et al., 2006; Woolhouse et al., 1997) . The result observed here of large amounts of shedding heterogeneity between-hosts supports the hypothesis that heterogeneity in transmission of that shed virus to new hosts would also be observed. If this is true, our shedding results indicate that, for IHNV, host genetic diversity is not the primary driver of transmission heterogeneity observed across individuals in a population. To our knowledge the relationship between host-to-host transmission heterogeneity and host genetic diversity has not been experimentally examined in IHNV or other viral systems. Ultimately, heterogeneity in transmission between individuals can drastically affect the accuracy of estimates of important epidemiological parameters such as the mean number of infections caused by an infected individual at a population level, or R o (Capparelli et al., 2009; Fraser et al., 2007; Galvani and May, 2005; Lloyd-Smith et al., 2005; Matthews et al., 2006; Woolhouse et al., 1997) . As such, the results from this study support the work of other groups suggesting that the processes regulating natural between-host variation in pathogen burdens are more complex than previously assumed, and epidemiological models of pathogen transmission may benefit from incorporating pathogen-load variation, even in host populations with low genetic diversity (Capparelli et al., 2009; Fraser et al., 2007; Lloyd-Smith et al., 2005; Matthews et al., 2006; Woolhouse et al., 1997) .
